The brain is, by weight, only 2% the volume of the body and yet it consumes about 20% of the total glucose, suggesting that the energy requirements of the brain are high and that glucose is the primary energy source for the nervous system. Due to this dependence on glucose, brain physiology critically depends on the tight regulation of glucose transport and its metabolism. Glucose transporters ensure efficient glucose uptake by neural cells and contribute to the physiology and pathology of the nervous system. Despite this, a growing body of evidence demonstrates that for the maintenance of several neuronal functions, lactate, rather than glucose, is the preferred energy metabolite in the nervous system. Monocarboxylate transporters play a crucial role in providing metabolic support to axons by functioning as the principal transporters for lactate in the nervous system. Monocarboxylate transporters are also critical for axonal myelination and regeneration. Most importantly, recent studies have demonstrated the central role of glial cells in brain energy metabolism. A close and regulated metabolic conversation between neurons and both astrocytes and oligodendroglia in the central nervous system, or Schwann cells in the peripheral nervous system, has recently been shown to be an important determinant of the metabolism and function of the nervous system. This article reviews the current understanding of the long existing controversies regarding energy substrate and utilization in the nervous system and discusses the role of metabolic transporters in health and diseases of the nervous system.
Introduction
Neurons and glia are the primary cellular components that perform the functions of the central and peripheral nervous system (CNS and PNS, respectively) . Glia maintain tissue homeostasis, form myelin, regulate development, and contribute to diverse neuropathophysiologies in the CNS and the PNS. Besides providing structural and metabolic support to neurons, glia also contribute to recovery following neuronal injuries. Neurons transmit signals over long distances through their axons; and these axons require an enormous energy supply to maintain their function. Axons are closely associated with glial cells that support their function and prevent degeneration.
Research over the last decades has shown that the brain is an organ of unusually high metabolic demand that utilizes 20% of the total glucose and 20% of the total oxygen in the human body (Magistretti and Allaman, 2015) . Studies have reported glucose as the obligatory energy substrate for brain, where it is almost fully oxidized (Kety and Schmidt, 1948; Sokoloff, 1960) . Similarly, further studies at the whole organ level have provided some refinements to this view, suggesting that ketone bodies fulfill the energy requirements of the brain under particular conditions, including fasting, uncontrolled diabetes and breast-fed newborn babies (Magistretti, 1999) . Additionally, several studies over the last few years have illustrated the significance of lactate as an energy substrate for the brain (Baltan, 2015; Castillo et al., 2015; Machler et al., 2016; Matsui et al., 2017; Magistretti and Allaman, 2018) . Specifically, findings from in vitro and in vivo studies demonstrate that lactate sustains neuronal activity during glucose deprivation (Wyss et al., 2011; Sobieski et al., 2018) . The astrocyte-neuron lactate shuttle hypothesis (ANLSH) suggests that astrocyte-derived L-lactate is taken up by neurons via monocarboxylate transporters (MCTs), metabolic transporters for monocarboxylates, and used as an energy substrate, possibly in preference to glucose. Though it was proposed over twenty years ago (Magistretti et al., 1993; Pellerin and Magistretti, 1994) , ANLSH remains controversial and not fully accepted. A recent study claims that during fasting conditions, glucose contributes indirectly (via circulating lactate) to tissue TCA metabolism in all tissues except the brain (Hui et al., 2017) . Additionally, a study modeling the kinetic characteristics and cellular concentrations of the neuronal glucose and lactate transporters opposes the ANLSH primarily due to the fact that neuronal glucose transporter, GLUT3, has higher affinity for https://doi.org/10.1016/j.expneurol.2018.07.009 Received 15 May 2018; Received in revised form 19 July 2018; Accepted 20 July 2018 glucose than the astrocytic counterpart, GLUT1, an, indicating that glucose may be primarily transported to and consumed by neurons (Simpson et al., 2007) . Finally, studies suggest that neurons have the capacity to boost their own glycolysis and potentially export rather than import lactate during brain activation or in response to stimulation (Diaz-Garcia et al., 2017; Yellen, 2018) . This article addresses these controversies and reviews different aspects of glia-axon energy metabolism in health and diseases of the nervous system focusing on neural energy substrates consumption and metabolism, and their transporters.
2. Fuels to neural cells: glucose, its "by-product" lactate, and occasionally acetate too! About 20% of our circulating glucose enters the brain, suggesting that glucose is the primary energy source for the brain. For some time, it had been accepted without reservation that all brain metabolic pathways are subsequent to glucose until the proposition of the ANLSH (Magistretti, 2008, Pellerin and . The ANLSH challenged this precept, stating that activity-dependent uptake of glucose takes place in astrocytes that subsequently metabolize the glucose anaerobically to lactate and then transport lactate to neighboring neurons where it serves as the primary metabolic fuel. The ANLSH was proposed almost 25 years ago (Magistretti et al., 1993; Pellerin and Magistretti, 1994) and is still quite controversial (Simpson et al., 2007; Dienel, 2012; Diaz-Garcia et al., 2017; Yellen, 2018) ; as such, the exact metabolic fuel to neural cells remains highly debatable. At the same time, a recent study has also indicated acetate as an occasional energy substrate for the brain. This section provides an updated understanding about the fuels to neural cells (Fig. 1) .
Glucose
Elegant and pioneering in vivo studies in humans by Kety, Schmidt and Sokoloff conducted almost six decades ago identified glucose as the obligatory energy substrate for brain (Kety and Schmidt, 1948; Sokoloff, 1960) . Glucose is the main source of energy for the brain, and its physiology is determined by tight regulation of glucose metabolism, suggesting the requirement for continuous delivery of glucose from blood (Mergenthaler et al., 2013) . Despite the presumption that neurons would thus preferentially use glucose as their primary energy metabolite, several recent reports suggest that brain glucose is mostly consumed by astrocytes and oligodendrocytes and that neurons depend on glucose metabolites produced and released by these glial cells for their energy requirements (Chuquet et al., 2010; Funfschilling et al., 2012; Amaral et al., 2016; Saab et al., 2016) . Despite the important role of glial cells, neurons clearly express GLUT3 (Simpson et al., 2008) , which is a glucose transporter that allows the direct import of glucose into neurons. Glucose supply to the brain is regulated by neurovascular coupling, and it enters the brain from the blood by crossing the blood brain barrier through glucose transporters (primarily GLUT1). The rapid distribution of glucose in the brain is assisted by a highly coupled metabolic network of glial and neuronal cells interconnected by gap junctions (Froes et al., 1999; Parpura et al., 2012) . Physiologic functions of the brain are fueled by ATP generated primarily by glucose metabolism. Glucose metabolism disturbances underlie many diverse neurological diseases, including neuroinflammation, neurodegenerative disorders, psychiatric disorders, and peripheral neuropathies. Glucose supply to brain is also crucial due to its potential conversion to lactate.
Lactate
A significant portion of glucose entering the brain is metabolized to lactate during aerobic glycolysis (Vaishnavi et al., 2010) . The aerobic glycolysis accounts for up to 30% of brain glucose metabolism during development and 25% glucose metabolism in specific regions of the adult brain, such as the dorsolateral prefrontal cortex, the superior and medial frontal gyrus, or the precuneus and posterior cingulate cortex (Goyal et al., 2014; Magistretti and Allaman, 2015) . At the cellular level, astrocytes are better equipped for aerobic glycolysis and lactate production than neurons (Belanger et al., 2011) . Emerging evidence establishes astrocytes as naturally glycolytic cells (Supplie et al., 2017) . Molecularly, GLUT1 expressed by both endothelial cells and astrocytes facilitates glucose uptake from the circulation. LDH5, which is primarily expressed by astrocytes in the CNS, converts pyruvate derived from glycolysis to lactate, which can then be shuttled to neurons through monocarboxylate transporters (primarily MCT1 and MCT4 in astrocytes and MCT2 in neurons). Neurons express LDH1 that facilitates the utilization of lactate as neuronal energy substrate by converting it to pyruvate. Neurons also have the capacity to take up glucose directly, however, since the glucose transporter, GLUT3, is expressed in neurons (Belanger et al., 2011) . Due to the location of astrocytic endfeet surrounding blood vessels, however, it is likely that most of the glucose that enters the brain does so through astrocytes (Kacem et al., 1998; Belanger et al., 2011; Mergenthaler et al., 2013) .
Glial cells were proposed to contribute to neuronal energy metabolism almost 50 years ago, and about two decades ago it was established that metabolite transfer occurs from glial cells to neuronal cells at least in honeybee retina (Tsacopoulos et al., 1994) . Refined versions of the ANLSH assert that lactate is produced by astrocytes, and possibly active neurons, and is released into a lactate pool that is eventually used as energy substrate by neurons at rest or during active state (Baltan, 2015) . A functional intercellular lactate shuttle, commonly called ANLSH in the CNS, exists in multiple CNS regions (Magistretti et al., Fig. 1 . Fuels to neural cells. Glucose, its "by-product" lactate, and occasionally acetate are fuels to neural cells. 1994; Wender et al., 2000; Baltan, 2015) , along with muscle (Gladden, 2004) and potentially peripheral nerve (Vega et al., 1998; Brown et al., 2012; Evans et al., 2013; Stecker and Stevenson, 2015; Hu et al., 2017) . Lactate serves as a critical energy substrate for axons, especially long axons, to meet the metabolic needs of transport and signal transduction. Astrocyte glycogen and oligodendrocyte glycolysis are potentially the major sources of lactate to support axon function in the CNS (Baltan, 2015) . As suggested by the ANLSH, astrocytes take up the capillary glucose and store it as glycogen, which can then be metabolized to lactate and delivered to axons when needed, usually to fulfill the axonal metabolic demand under higher functional activity. Observations from adult mouse optic nerve, a favorable white matter preparation, suggest that CNS glycogen, contained predominantly in astrocytes, remains under dynamic control and that glycogen is used to support the CNS axons' energy need via converting to lactate during both physiological and pathological processes (Brown et al., 2003) . These findings demonstrate the significance of a functioning lactate shuttle in white matter, which is metabolically challenged even under physiological condition due to higher energy demand, substantial glial maintenance, presence of hydrophobic myelin forming a barrier around axons, and unique vascular network; and suggest that glycogen is converted to lactate to support axon function under relative aglycemic conditions (Brown et al., 2003) . Besides supporting a well-defined lactate shuttle system between astrocytes and neurons, these results collectively suggest that lactate is the preferred substrate to support axon function (Tekkok et al., 2005) and the primary energy metabolite utilized during increased physiological activity (Brown et al., 2003) . This lactate shuttle is quite important during recovery from an injury as well as recruitment of synapses upon high frequency stimulation of axons during learning and memory.
More recently, the ANLSH has been expanded to also include oligodendrocytes. Publications from our lab and others showed that oligodendrocyte-derived lactate is important for supporting axons (Nave, 2010; Funfschilling et al., 2012; Meyer et al., 2018) . In Dr. Nave's publication, disrupting oligodendrocyte mitochondria led to increased extracellular lactate in the presence of anesthesia that quickly fell after reversal of anesthesia, presumably due to uptake of lactate into metabolically active neurons (Funfschilling et al., 2012) . In our publication, which will be discussed in greater detail below in section on transporters, axon degeneration or neuron loss was observed in mice and spinal cord organotypic cultures with global or oligodendrocytespecific knockdown of lactate transporters . A recent study demonstrates that combined blockade of oligodendroglial lactate and glucose export via inhibition of lactate transporters MCT1/2 and glucose transporter GLUT1 completely abolishes oligodendroglial support to axons during aglycaemia (Meyer et al., 2018) . Additionally, satellite gliocytes surrounding neurons in cranial cervical sympathetic ganglion (CCSG) are reported to produce significantly more lactate than neurons, suggesting that CCSG, like the brain, develops a gradient for lactate shuttle between sympathetic neurons and surrounding satellite gliocytes (Gorelikov and Savel'ev, 2008) .
Growing evidence suggests that lactate is an effective energy source for the peripheral nerves as well, and the lactate shuttle between glial and neurons has been demonstrated in the peripheral nervous system (Vega et al., 1998; Brown et al., 2012; Evans et al., 2013; Stecker and Stevenson, 2015; Hu et al., 2017) . These studies have primarily used intact ex-vivo preparations of peripheral nerves. In this paradigm, peripheral or cranial nerves are removed from animals and nerve function quantified in the presence or absence of energy metabolites or inhibitors to specific enzymes or transporters in the system. These studies have shown that Schwann cells in peripheral nerves contain glycogen, have the capacity to metabolize glycogen to lactate, and that lactate can substitute for glucose in maintaining the function and survival of axons (Brown et al., 2012; Evans et al., 2013) . Unlike the CNS, however, there are no published studies demonstrating the critical nature of lactate to peripheral nerve function in vivo under normal physiologic conditions.
As discussed in greater detail below, we have shown that lactate transporters are important for the response of peripheral nerves to injury (Morrison et al., 2015) .
Acetate
Acetate, an alcohol by-product formed in liver, can also be an alternative fuel for the brain. Acetate can be metabolized to acetyl CoA by acetyl-CoA synthase (Starai and Escalante-Semerena, 2004 ) and then subsequently enter the TCA cycle after further metabolism to citrate (Kiviluoma et al., 1989; Diamond et al., 1991; Kiselevski et al., 2003; Mailliard and Diamond, 2004; Williams and O'Neill, 2018) . Astrocytes, but not neurons, have been shown to metabolize acetate. In fact, acetate, as a two carbon intermediate in metabolism, is an accepted marker of astrocytic metabolism (Muir et al., 1986; Sonnewald et al., 1993; Rae et al., 2012) . The exclusivity of astrocyte acetate metabolism is controversial, however, since earlier in vitro studies suggest that extracellularly supplied acetate is metabolized by neurons to glutamate and aspartate, while astrocytes metabolize acetate to glutamine (Brand et al., 1997) . Acetate is taken up and metabolized by hippocampal nerve terminals (Carroll, 1997) and in whole rat brain (Chapa et al., 2000) . In vivo, radioactive acetate is rapidly incorporated into glutamine, GABA, glutamate and aspartate, with the greatest proportion being metabolized to glutamine (Muir et al., 1986; Badar-Goffer et al., 1990; Rae et al., 2003; Rae et al., 2012) . Acetate is a good substrate for glial MCT1 and neuronal MCT2 but a poor substrate for glial MCT4, due to very low affinity with this transporter (Rae et al., 2012) . Moreover, neurons also express sodium-dependent MCT1 (SMCT1) that has an affinity for acetate comparable to that of MCT1 and MCT2 (Rae et al., 2012) . Circulating acetate levels under normal resting condition can contribute to 10%-15% of the basal energy demand of brain astrocytes (Dienel and Cruz, 2006) . Emerging evidence suggests that astrocytes are able to support neuronal function by utilizing acetate as a metabolic substrate under conditions of limiting glucose supply, including hypoglycemia and chronic alcohol abuse (Jiang et al., 2013; Cloughesy et al., 2014) .
As detailed above, several energy metabolites, particularly glucose, lactate and acetate, are used by both the CNS and PNS. In general, glucose is likely the major metabolite utilized during resting physiology, while lactate and acetate are more prominently required during times of increased energy demand, such as during neuronal hyperactivity, or when either oxygen or glucose supply are limiting. This conclusion is not universally agreed upon and recent studies claim that brain activation or neuronal stimulation increases direct glucose consumption by neurons by triggering neuronal glycolysis and not lactate uptake (Diaz-Garcia et al., 2017; Yellen, 2018) .
Glucose transporters

Glucose transporters ensure efficient glucose uptake by neural cells
Glucose is transported across the cell membrane by facilitative diffusion mediated by members of the GLUT family, which belongs to the major facilitator superfamily of membrane transporters (Pao et al., 1998; Thorens and Mueckler, 2010) . Most of the GLUTs catalyze the ATP-dependent bidirectional transfer of glucose across membranes. GLUT 1-4 are the well-studied/established glucose transporters and have distinct regulatory and/or kinetic properties, suggesting their cellspecific role. GLUT1 and GLUT3 are the major glucose transporters expressed in the brain (Fig. 2) , with GLUT1 being the key glucose transporter that catalyzes the rate-limiting step in supplying glucose to cells of the CNS (Yu et al., 2008) . GLUT1 is expressed both at the luminal and abluminal sides of the brain capillaries (Farrell and Pardridge, 1991) and also in CNS astrocytes (McEwen and Reagan, 2004; Allen and Messier, 2013 ). GLUT3 is the major neuronal glucose transporter, which is expressed in both dendrites and axons, and its expression level in different brain regions is correlated with local cerebral glucose utilization (Simpson et al., 2008) . GLUT3 has a high affinity for glucose and greater transport capacity for glucose than astrocytic/endothelial GLUT1 (Simpson et al., 2008) , ensuring efficient glucose transport to neurons from the extracellular space. The expression and function of both GLUT1 and GLUT3 are highly regulated in the brain by both transcriptional and post-transcriptional processes. GLUT1 and GLUT3 are both upregulated by circulating glucose (McGowan et al., 1995) and hypoxic conditions through hypoxia-inducible factor 1α (HIF-1α)-mediated transcriptional activation (Huang et al., 2012) . Interestingly, the response to glutamate appears to differ between the two transporters, with GLUT1 activity in astrocytes increasing (Pellerin et al., 2007; Porras et al., 2008) and GLUT3 activity decreasing following exposure to glutamate (Barros and Deitmer, 2010) . The attenuation of GLUT3 activity in neurons following glutamate has been proposed to reduce glycolytic flux and promote lactate uptake in highly active neuron populations (Barrow and Deitmer, 2010) .
Though GLUT1 and GLUT3 are the predominant glucose transporters in the brain, other glucose transporters are also expressed though their function has been less well studied. GLUT2, which facilitates the first step in glucose-induced insulin secretion by transporting glucose into the pancreatic β-cell (Marty et al., 2007) , is expressed in brain, primarily in regions of the hypothalamus that regulate food intake, suggesting a homologous role to the glucose sensor in the pancreas Roncero et al., 2004; Eny et al., 2008) . GLUT4 is present in specific neuronal cell populations of the brain that also express insulin receptors and are primarily associated with control of motor system. GLUT5 and GLUT7 are present at very low levels in the brain and appear to function primarily as fructose transporters (Douard and Ferraris, 2008) . GLUT5 is detected in human and rat brain microglia (Payne et al., 1997) . GLUT6, which has very low affinity to glucose, is also expressed in the brain, but its function is unknown. GLUT8 is reported to play important role in hippocampal neuronal proliferation (Schmidt et al., 2009 ). GLUT13, a myoinositol transporter, is expressed predominantly in the brain (Uldry et al., 2001) , however its functional role has yet to be established.
Similar to the CNS, GLUT1 and GLUT3 are the major glucose transporters in the PNS (Fig. 3) (Muona et al., 1992; Magnani et al., 1996; Choeiri et al., 2002) . GLUT1, which is expressed in sciatic nerves, is localized to the perineurium (Allt and Lawrenson, 2000) and to some endo-and epi-neurial capillaries (Muona et al., 1992) . Similarly, both rat Schwann cells in vivo (Magnani et al., 1996) and in vitro (Muona et al., 1992) express GLUT1, primarily in the paranodal region and Schmidt-Lanterman incisures. Likewise, GLUT3 is expressed in the perineurium, endoneurial capillaries, and paranodal Schwann cells and axolemma in aged, but not in young, rats (Magnani et al., 1996) . As in the CNS, GLUT3 is the primary neuronal GLUT in the PNS (Muona et al., 1993; Magnani et al., 1996; Stuart et al., 2000) . The expression pattern of GLUT1 and GLUT3 in the peripheral nerve suggests their crucial involvement in the glucose transport into the metabolically active nodal apparatus of the peripheral myelinated axon.
Glucose transporters are important contributors to physiology and pathology of the nervous system
GLUT1 and GLUT3 are the glucose transporters that have clearly defined roles in both physiological and pathological conditions of the mammalian brain (Benarroch, 2014) . The expression of GLUT1 is much higher than that of GLUT3 in developing and prenatal brain. However, the expression of both GLUT1 and GLUT3 increases with cerebral maturation in parallel with increased cerebral glucose utilization (Nehlig and Pereira de Vasconcelos, 1993; Nehlig, 1996) . GLUT1 expression increases steadily throughout cerebral maturation, whereas the GLUT3 expression depends on region and activity. Earlier studies indicate a very low expression of GLUT3 in the prenatal rat brain, but predominant expression of GLUT1 in neural progenitor cells of the germinal matrix (Bondy et al., 1992) . However, the substantial expression of GLUT3 in neuronal cells after migration to the cerebral cortex establishes a strong correlation of GLUT3 with neuronal maturation and the establishment of synaptic connections, which drives the largest energy demand of the brain (Attwell and Laughlin, 2001; Simpson et al., 2008) . Though expressed at lower levels, other glucose transporter have been shown to be physiologically active in the CNS. GLUT2, which is expressed in hypothalamic neurons as described above, functions as a glucose sensor to regulate food intake, synaptic activity, and neurotransmitter release (Jurcovicova, 2014) . GLUT4, which is present at hippocampal nerve terminals, is mobilized by neuronal activity to support the energetic demands of firing synapses (Ashrafi et al., 2017) , while GLUT8 plays a role in hippocampal neurogenesis (Membrez et al., 2006) . These findings suggest the crucial role of GLUTs in the maintenance of nervous physiology.
As expected for a physiologically important transporter, alterations in GLUT expression can lead to human disease. GLUT1 deficiency, caused by genetic mutations in the GLUT1 gene, leads to several neurologic conditions, most commonly being seizures (epilepsy), ataxia and developmental delay (Coman et al., 2006; Graham, 2012) . In most cases, this is a severe disorder that presents soon after birth. Affected newborns frequently have microcephaly that develops after birth and intellectual disability. About 10% of the affected patients have the nonepileptic form of GLUT1 deficiency syndrome (Wang et al., 1993) . Alterations in GLUT function can occur in acquired diseases, as well. Diabetic conditions can affect both GLUT localization (Bakirtzi et al., 2009 ) and activity (for example, GLUT4 activity in the periphery is impaired under type 2 diabetes) (Pearson-Leary and McNay, 2016); however, expression levels of GLUTs in glial or neuronal cells does not appear to be altered by diabetic conditions (de Preux Charles et al., Fig. 2 . Glia-neuron metabolic interactions in the CNS are most likely mediated by monocarboxylate and glucose transporters (MCTs and GLUTs, respectively). Astrocytes and oligodendrocytes take up glucose from blood circulation through GLUT1. Glycolysis breaks down glucose to pyruvate, which can either be converted to lactate or metabolized further in mitochondria via oxidative metabolism. Astrocytes can also store the capillary glucose as glycogen, which can then be metabolized to lactate. Astrocyte or oligodendrocyte-derived intracellular lactate can exit the cell through MCT1 and/or MCT4. Neurons take up the extracellular lactate through MCT2. Neuron can also take up glucose from blood circulation or extracellular space through GLUT3. Glc-6-P; glucose-6-phosphate, GlyS; glycogen synthase, GlyP; glycogen phosphorylase, LDH; lactate dehydrogenase. 2010; Hur et al., 2011; Pande et al., 2011) . Schwann cells, which metabolically support axons in the PNS, are crucial cell types in the pathogenesis of diabetic neuropathy (Zenker et al., 2013; Mizisin, 2014; Feldman et al., 2017; Goncalves et al., 2017) . Schwann cells need to maintain GLUT1 levels to metabolically support axons and potentially maintain their own function and survival. As conjectured in a recent review article (Feldman et al., 2017) , Schwann cell GLUT 1 activity may be impeded in diabetes, similar to the effects of GLUT4 in the periphery in type 2 diabetes, potentially impeding their glycolysis, reducing metabolic support to axons, and thereby contributing to axonal degeneration. Future detailed study of GLUTs in peripheral nerve cells are thus important to provide new insight into the bioenergetic mechanism of diabetic neuropathy.
Monocarboxylate transporters
Monocarboxylate transporters are widely expressed metabolic transporters in central and peripheral nervous systems
The existence of glia-axon metabolic interactions in the CNS and PNS is most likely mediated by the monocarboxylate transporters (MCTs) (Fig. 2 and Fig. 3 ). MCTs are extracellular membrane channels that can transport monocarboxylates (such as lactate, pyruvate and ketone bodies), along with protons, down their concentration gradient across membranes (Garcia et al., 1994) . MCTs are vital for metabolic shuttling between glia and neurons and facilitate the functioning of lactate as a preferred energy metabolite to support axon function. MCT1-4 are responsible for bidirectional proton-linked transport of monocarboxylates across the plasma membranes. Lactate is one of the most important metabolites for these transporters, with a stereoselectivity for L-lactate over D-lactate (Halestrap, 2012) .
In the CNS, MCT1 is widely expressed in oligodendrocytes (Rinholm et al., 2011; , astrocytes (Broer et al., 1997; Leino et al., 1999; Hanu et al., 2000; Pierre et al., 2000) , microglia (Moreira et al., 2009; Nijland et al., 2014) , endothelial cells (Gerhart et al., 1997; Pellerin et al., 1998; Mac and Nalecz, 2003) , and some specific neurons (Morrison et al., 2013; Perez-Escuredo et al., 2016) . MCT1 is also expressed in tanycytes, a glial cell type found in the hypothalamus and this cell type is reported to produce lactate from glucose via glycolytic metabolism (Cortes-Campos et al., 2011) . Similar to other MCTs, MCT1 is a bi-directional transporter of monocarboxylates, and it can increase mitochondrial energy metabolism by facilitating the use of lactate as a metabolic substrate for TCA cycles and oxidative phosphorylation. In the CNS, MCT2 is a high affinity MCT isoform expressed primarily in neurons. The ANLSH depends on lactate being produced and released from astrocytes (via MCT1) and taken up by neurons (via MCT2) during times of neuronal activity (Pierre et al., 2000) . MCT2 expression has also been seen in endothelial cells (Mac and Nalecz, 2003 ; BalmacedaAguilera et al., 2012), some rat astrocytes (Gerhart et al., 1998; Hanu et al., 2000) , and tanycytes in the hypothalamus (Cortes-Campos et al., 2011) . The expression of MCT3 is restricted to retinal pigmented epithelial cells (Yoon et al., 1997; Philp et al., 1998) and choroid plexus epithelium (Philp et al., 2001) . Though expressed at low levels in the CNS, MCT4 appears to be exclusively expressed by astrocytes (Marcillac et al., 2011; .
Recent studies have also investigated the expression of MCTs in the PNS. MCT1, MCT2, and MCT4 are the major MCTs expressed in the PNS, and they each have distinct patterns of expression (Takebe et al., 2008; Domenech-Estevez et al., 2015; Morrison et al., 2015) . MCT1 is highly expressed in perineurial cells (Tserentsoodol et al., 1999; Takebe et al., 2008) . Perineurial cells express tight junction proteins and function as barrier cells separating neurons and Schwann cells in the endoneurium from the blood supply (Peltonen et al., 2013; Kucenas, 2015) . They also potentially contribute to peripheral nerve development and regeneration following injury (Kucenas et al., 2008; Binari et al., 2013; Lewis and Kucenas, 2014) . In addition, MCT1 is also expressed in the endoneurium, including Schwann cells and DRG neurons (Domenech-Estevez et al., 2015; Morrison et al., 2015) . MCT4 is expressed in Schwann cells within the peripheral nerve (DomenechEstevez et al., 2015) . Though clearly expressed in peripheral nerve (Domenech-Estevez et al., 2015; Morrison et al., 2015) , the cellular localization of MCT2 has not yet been determined.
The widespread distribution of MCTs in the nervous system illustrates the key role of these transporters in intercellular metabolic shuttling in brain. The expression of MCT1 and MCT4 on astrocytes, which are predominantly glycolytic cells (Supplie et al., 2017) , and on oligodendrocytes, which play a supportive role for CNS axons (Funfschilling et al., 2012; Morrison et al., 2013) , and MCT2 on neurons, which metabolically depend on oxidative energy substrates, support the proposed glia (both astrocyte and oligodendrocyte)-to-neuron lactate shuttle hypothesis (Morrison et al., 2013) . Although Schwann cells are well known for their role in myelinating axons of the peripheral nerves and facilitating saltatory conduction, emerging evidence also suggests that they function as metabolic supporters of axons in peripheral nerves (Fields, 2015; Salzer, 2015) . Like astrocytes in the CNS, myelinating Schwann cells in the PNS express MCT1 and MCT4 (Domenech-Estevez et al., 2015; Morrison et al., 2015) . They also sustain axon activity through the metabolism of glycogen to lactate (Brown et al., 2012; Evans et al., 2013) , suggesting that Schwann cells also participate in the support of axons through lactate shuttling to neurons.
Monocarboxylate transporters mediate glia-axon metabolic interactions critical for axonal myelination and regeneration
Studies over the last couple of decades have identified the crucial role of lactate and its transporters in axonal myelination and regeneration. Oligodendrocytes and Schwann cells are the cells that make Fig. 3 . Differential expression of monocarboxylate and glucose transporters (MCTs and GLUTs, respectively) in peripheral nerve. MCT1, MCT2, and MCT4 are the major MCTs in peripheral nerves, and they each have distinct patterns of expression. MCT1 is highly expressed in perineurial cells within the perineurium. MCT1 and MCT4 are expressed in Schwann cells. GLUT1 and GLUT3 are the major GLUTs in peripheral nerves, and they each have distinct patterns of expression. GLUT1, which is highly expressed in sciatic nerves, is localized to the perineurium and to some endo-and epineurial capillaries. Schwann cells express GLUT1, primarily in the paranodal region and Schmidt-Lanterman incisures. GLUT3 is expressed in neurons, perineurium, endoneurial capillaries, and paranodal Schwann cells. The expression pattern of MCTs and GLUTs in peripheral nerves suggest their crucial involvement in metabolite transport in the peripheral nervous system. myelin to ensheath neuronal axons in the CNS and the PNS, respectively. Proper myelination by oligodendrocytes depends on lactate metabolism as a fuel (Sanchez-Abarca et al., 2001) . Myelination is a process that requires large energy stores to maintain cell function and produce the lipids and proteins for myelination (Sanchez-Abarca et al., 2001) . To fulfill this high metabolic demand, oligodendrocytes use lactate as a source of energy and as a precursor of lipids. In the setting of glucose deprivation, lactate is sufficient alone to myelinate axons in vitro (Rinholm et al., 2011) . Lactate uptake by oligodendrocytes is mediated through the expression of MCTs, especially MCT1 . MCT1 mediates bi-directional transport of lactate and thus may be important both for importing lactate into oligodendrocytes that can ultimately be metabolized in the TCA cycle or exporting lactate to clear this end product of glycolysis and/or to provide metabolic energy to axons and contribute to the maintenance of axonal integrity (Harris and Attwell, 2012; Saab et al., 2016) . Our lab, and others, have previously reported higher expression of MCT1 in the CNS myelin than in axons and conversely higher expression of MCT2 in axons than myelin (Rinholm et al., 2011) . Recent studies have also identified that oligodendrocyte progenitor cells (OPCs) utilize lactate through MCTs and that lactate, produced from glycogen, is crucial to promote cell cycling and differentiation in OPC-rich culture (Ichihara et al., 2017) . Surprisingly, an in vitro study using co-cultures of DRG neurons and Schwann cells demonstrated increased myelination following downregulation of MCT1 in Schwann cells by lentiviral shRNAs (Domenech-Estevez et al., 2015) ; thus the exact role of this transporter in SC myelination in not yet clear. Further studies employing experimental animal models and patient samples will likely provide a more complete explanation for the role of oligodendrocyte or SC MCT1 in myelination. Lactate and MCTs may, however, be an intriguing future target for therapeutics to promote remyelination of demyelinated tissues in diverse neuropathologies, including multiple sclerosis (MS), inherited leukodystrophies, and demyelinating peripheral neuropathies.
In agreement with an earlier study that used sciatic nerve explants to demonstrate the dependence of axons on lactate for metabolic energy (Brown et al., 2012) , we have recently demonstrated that proper functioning of peripheral nerves in vivo depends on lactate as an energy substrate, especially during conditions of high energy demands such as nerve regeneration following injury (Morrison et al., 2015) . In this study, MCT1 deficiency delayed nerve regeneration following peripheral nerve injury in mice. The widespread distribution of MCT1 in the PNS limits definitive conclusions regarding the mechanism for MCT1-dependent nerve regeneration, and further cell-specific modifications of PNS are necessary for fully defining the role of MCT1 in the PNS.
Disruption of monocarboxylate transporters contributes to neurodegeneration
A strong correlation exists between metabolic alterations and neurodegeneration. Glia-axon metabolic interactions via MCTs is an important, but not yet fully explored, pathway to understand the pathogenesis of neurodegenerative disorders. We have previously reported that disruption of MCT1, which is abundantly expressed in the CNS and highly enriched within oligodendrocytes, results in axonal damage and neuronal loss in animal and cell culture models . Expression of MCT1 was found to be reduced in the spinal cord of amyotrophic lateral sclerosis (ALS) patients and ALS rodent models, suggesting that oligodendroglial MCT1 may play a role in the pathogenesis of neurodegeneration . Similarly, mutant superoxide dismutase (SOD1), which is the second most common cause of familial ALS, directly affects MCT1 expression, and SOD1 G93A mice have reduced expression of MCT1 in spinal cord oligodendrocytes . Furthermore, MCTs may be important for aging and Alzheimer's disease (AD) pathogenesis, as it has previously been shown that MCT1 expression declines in both aging and AD (Ding et al., 2013 ).
In addition, reduced MCT2 expression and lactate content in the cerebral cortex and hippocampus have been identified in AD, which also suggest impaired energy metabolism in the brain (Lu et al., 2015) . Whether alterations in MCTs is a primary event that contributes to AD neurodegeneration or a secondary event that results from neuron loss or glial changes is not yet known. A clue that alterations in MCTs may be an early event comes from study of young adult carriers of apolipoprotein E ɛ4 allele (APOE4), who are at high risk for developing AD. Young adult APOE4 carriers have increased expression of MCT2 and decreased expression of MCT4, suggesting that brain energy metabolism alterations may contribute to the risk that APOE4 confers for AD (Perkins et al., 2016) . This is not a universal mechanism for all neurodegenerative diseases, however, since neither the expression of MCT1 and MCT2, nor the content of lactate, is altered in the substantia nigra and striatum of a mouse model of Parkinson's disease (Puchades et al., 2013) . Another disease in which metabolic transporters appear to be altered is multiple sclerosis (MS). MCT1 expression is increased in infiltrating leukocytes and reactive astrocytes in active MS lesions, and MCT2 expression is decreased in inactive MS lesions (Nijland et al., 2014) . The altered expression of MCT2 in MS brains may be due to loss of neurons expressing MCT2, but if this occurs prior to neuron death, it suggests that a deficiency of nutrient supply to hypoxic demyelinated axons may drive ongoing axonal and neuronal degeneration in MS.
Further studies in MS patients and particularly animal models of the disease should help clarify this issue.
Though not yet definitive, several published studies have clearly shown that MCTs are important for maintaining neuron and axon integrity and may contribute to nerve injury in several neurologic diseases, including ALS, AD, and MS.
Conclusions
It is now more than half a century since glia were acknowledged to contribute to neuronal energy metabolism. Glia are now widely recognized as dynamic cells that sense neuronal metabolic changes and regulate metabolism by transferring metabolites from glia to neurons. Both central and peripheral neurons alternate between glucose and lactate as an effective energy source, but prefer lactate during increased energy demand. Astrocytes and oligodendrocytes in the CNS, and potentially Schwann cells in the PNS, take up circulating glucose, metabolize it to lactate, and deliver it to axons and neuron cell bodies when needed, usually to fulfill their metabolic demands under higher functional activity. MCTs and GLUTs are differentially expressed in these nervous system cells to facilitate the metabolite transfer. Functional expression of MCTs and GLUTs are crucial for the maintenance of neurophysiology, and their disruption contributes to diverse neuropathologies, including epilepsy and neurodegenerative diseases.
Further studies on the role of nervous system metabolic transporters in health and diseases are unquestionably required. There has been appreciable progress in the nervous system metabolic transporter research, especially for the CNS. Future research is needed to evaluate the role of these transporters in the PNS. Furthermore, the cell-specific role of metabolic transporters in the CNS and PNS needs to be determined. Many of these transporters are expressed in numerous nervous system cells and careful dissection of their role in individual cell types will better define their mechanisms of action. Genetic ablation of these transporters in cell-specific manner or development of transporterspecific high affinity pharmacological inhibitors are the most awaited tools for further studies of their biology. Additionally, further studies using the genetically-encoded fluorescence resonance energy transfer (FRET) sensor Laconic (San Martin et al., 2013) , either alone or in combination with other metabolic FRET reporters, should be completed in vivo by two-photon microscopy to better understand the functional role of nervous system metabolic transporters in glia-glia, neuron-glia, and neuro-immune interactions via transfer of metabolites. Future research focused on functional dissection of metabolic transporters on neural cells will further define the glia-neuron metabolic interactions and broaden our understanding of CNS and PNS physiology and pathology, potentially uncovering new therapeutic options for patients with a number of neurologic diseases.
